After mating, many female mammals store a subpopulation of sperm in the lower portion of the oviduct, forming a reservoir. The reservoir lengthens sperm lifespan, regulates sperm capacitation, controls polyspermy, and selects normal sperm. It is believed that sperm bind to glycans on the oviduct epithelium to form the reservoir, but the specific adhesion molecules that retain sperm are unclear. Herein, using a glycan array to test 377 glycans for their ability to bind porcine sperm, we found two glycan motifs in common among all glycans with sperm-binding ability: the Lewis X trisaccharide and biantennary structures containing a mannose core with 6-sialylated lactosamine at one or more termini. Binding to both motifs was specific; isomers of each motif did not bind sperm. Further work focused on sialylated lactosamine. Sialylated lactosamine was found abundantly on the apical side of epithelial cells collected from the oviduct isthmus, among N-linked and O-linked glycans. Sialylated lactosamine bound to the head of sperm, the region that interacts with the oviduct epithelium. After capacitation, sperm lost affinity for sialylated lactosamine. Receptor modification may contribute to release from the reservoir so that sperm can move to the site of fertilization. Sialylated lactosamine was required for sperm to bind oviduct cells. Simbucus nigra agglutinin or an antibody specific to sialylated lactosamine with a preference for Neu5Acalpha2-6Gal rather than Neu5Acal-pha2-3Gal reduced sperm binding to oviduct isthmic cells, as did occupying putative receptors on sperm with sialylated biantennary glycans. These results demonstrate that sperm binding to oviduct 6-sialylated biantennary glycans is necessary for normal adhesion to the oviduct.
INTRODUCTION
Sperm storage in the female reproductive tract after mating is used by a variety of animals to maintain fertility, particularly in species in which mating and ovulation are poorly synchronized [1] . Sperm storage has been documented in salamanders [2] , snakes, turtles [3] , many birds, and mammals [1, 4] , including a species of bat in which ovulation and fertilization occur months after mating [5] . In many mammals, the major location of the sperm reservoir is the lower oviduct, the isthmus, and utero-tubal junction [6] [7] [8] [9] [10] [11] . After mating, small fractions of sperm enter the oviduct in a regulated process that requires specific sperm proteins [12, 13] . In the lower oviduct, the epithelial cell lining retains some sperm, forming a reservoir [9, 10, 14] . This reservoir lengthens the fertile lifespan of sperm [15, 16] and appears to regulate capacitation to provide a supply of fertile cells to the site of fertilization [17] [18] [19] [20] . The sperm reservoir also controls the number of sperm at the site of fertilization to limit the opportunity for polyspermy [21] . Finally, the oviduct appears to be able to select sperm with normal acrosome morphology: those that are capable of fertilizing oocytes [22, 23] .
The oviduct can affect fertilization broadly by altering the fluid environment [24, 25] or by regulating adhesion of sperm to its epithelium, which is the focus of this report. Sperm bind to epithelial cells lining the oviduct in a cell-restricted manner [10, [26] [27] [28] . Binding to the oviduct maintains sperm viability and motility [29, 30] . The ability to maintain sperm viability is not a common property of all cells [17] , and requires direct membrane contact between sperm and oviduct epithelial cells [18, 31, 32] .
The identity of the molecules that mediate sperm binding to the oviduct is controversial. It appears that different species may use different adhesion molecules. Using bovine tissues, one group found that two oviduct proteins, the chaperones GRP78 and HSP60, bound to sperm [33] . In contrast, a second group, also using bovine sperm, proposed that oviduct plasma membrane annexins containing fucose bind to accessory gland proteins deposited on sperm at ejaculation [34] . Studies of porcine sperm also implicated accessory gland secretions added to sperm in oviduct binding [35, 36] . However, the observation that epididymal sperm, not exposed to accessory gland proteins, are fertile is in conflict with a requirement of receptors of accessory gland origin for fertility [37] .
There is evidence in several species that sperm binding to the isthmus is mediated by glycans found on oviduct epithelial cells [38, 39] . A considerable number of early studies suggested that oviduct glycans bind sperm [39] [40] [41] [42] . These conclusions were based on the ability of a competitor to bind to one of a pair of coreceptors and inhibit the normal interaction. Unfortunately, these assays tested a limited number of monosaccharides and small oligosaccharides, making their physiological relevance uncertain.
To define the molecular components of the porcine oviduct sperm reservoir, we used a novel and more global approach to detect glycans that bind sperm, with an array of 377 glycans, including simple and more complex glycans [43, 44] . This array was originally developed to identify glycans to which purified lectins would bind, but we found that it was useful for motile cells in suspension. We also determined if glycans with the ability to bind uncapacitated sperm were present within the oviduct ampulla and isthmus, and localized the region of sperm to which they bound. Finally, we investigated the biological importance of the glycans of interest by blocking both the glycan in the oviduct and its putative receptor(s) on sperm.
MATERIALS AND METHODS

Collection and Processing of Sperm
For each of the four replicates, ejaculated semen samples (Prairie State Semen, Inc., Champaign, IL) were collected from three to five different mature boars and diluted in extender. Samples were stored at 168C-188C up to 24 h prior to use. Pooled extended semen (3 ml) was washed through Percoll gradients containing 5.4 ml Percoll, 0.6 ml 103 HBS (1.3 M NaCl, 40 mM KCl, 10 mM CaCl 2 , 5 mM MgCl 2 ), and 4 ml dmTALP (2.1 mM CaCl 2 , 3.1 mM KCl, 1.5 mM MgCl 2 , 100 mM NaCl, 0.29 mM KH 2 PO 4 , 0.36% lactic acid, 26 mM NaHCO 3 , 0.6% BSA, 1 mM pyruvic acid, 20 mM Hepes [pH 7.3], 10 U/ml penicillin, 10 lg/ml streptomycin) at 800 3 g for 10 min. Sperm were washed with 5 ml dmTALP and pelleted for 5 min at 600 3 g. Samples with greater than 80% motility were used immediately for experiments. Sperm concentration was determined by hemocytometer and adjusted according to the experiment.
Glycan Array Analysis
Washed sperm were stained with 200 nM Syto-16 for 15 min, placed in a culture dish, and a glycan array slide (Version 3.1) was floated, glycan-side down, on the surface of the sperm suspension at 398C for 15 min. The slide was removed carefully, rinsed gently or more vigorously thrice, and dried for analysis. Fluorescence on each glycan spot was quantitated by the Consortium for Functional Glycomics, as previously described [43, 44] . Background fluorescence was subtracted from the value for each glycan.
Collection of Oviduct Epithelial Cells
For each experiment, the isthmus of 15-20 oviducts (Meadowbrooke Farms, Rantoul, IL; Momence Packing Company, Momence, IL; Calihan Pork Producers, Peoria, IL; and Rantoul Foods, Rantoul, IL) were collected from pre-and postpubertal females and transported in PBS in a sterile 50-ml conical tube on ice. After 2-20 h on ice, the oviducts were processed at the lab. The isthmus was trimmed and the edge of a microscope slide was used to apply pressure to the outside of the oviduct and strip sheets of oviduct epithelial cells from the isthmus. Epithelial sheets in PBS were transferred to a 15-ml conical tube and centrifuged at 100 3 g for 1 min. After removing the supernatant, the cells were deaggregated by passage through a 1-ml pipette tip 10 times. After bringing the volume to 15 ml with PBS, the suspension was centrifuged again. The partially deaggregated cells in the pellet were passed through a 22-gauge needle 10 times. After adjusting the volume to 12 ml with dmTALP, the cells were divided evenly into three 100-mm tissue culture dishes. Cells were allowed to reaggregate for 90-120 min at 398C. Spherical aggregates that were 100-200 lm in diameter were selected for experiments.
Mass Spectrometry Analysis of Oviduct Glycans
Protein powder was prepared from oviduct epithelial sheets as described previously [45] . Briefly, oviduct isthmic epithelial cells were homogenized and delipidated in a solvent mixture with a final ratio of 4:8:3 (chloroform:methanol:water). The extracted material was allowed to incubate for 6 h at room temperature. The precipitated protein material was collected by centrifugation, and the resulting protein pellet was re-extracted with fresh solvent. The precipitated protein pellet was washed with ice-cold 20% acetone and then dried under a gentle nitrogen stream at 458C.
Glycosphingolipids were analyzed as previously described [46, 47] . In brief, lipid extracts containing glycosphingolipids were combined and dried under a nitrogen stream. Glycerolipids were removed by incubating with 0.5 M NaOH in methanol. The reaction mixture was neutralized with acetic acid and desalted on a Sep-Pak C18 cartridge column. The column was preconditioned with methanol and water. The sample was adjusted to 50% aqueous methanol and loaded onto a column. Salt was removed by washing the column with water, and glycosphingolipids were eluted with methanol and dried under a nitrogen stream. Glycosphingolipids were permethylated, dissolved in 50 ll of 1 mM NaOH in methanol/water (1/1) for infusion, and analyzed by nanospray ionization mass spectrometry (MS).
N-linked glycans were prepared from tryptic/chymotryptic digests of protein powder as previously described [45] . Following enzymatic release with peptide-N-glycosidase F (Prozyme, San Leandro, CA), liberated N-linked glycans were permethylated [48] and analyzed by nanospray ionization, ion trap MS (NSI-LTQ/Orbitrap; Thermo Fisher).
O-Glycans were released using reductive b-elimination as reported previously [49] . Briefly, protein powder was resuspended with 1 M NaBH 4 in 100 mM NaOH and incubated at 458C for 18 h. The reaction mixture was neutralized with 10% acetic acid on ice and then loaded onto a column of AG 50W-X8 cation-exchange resin (Bio-Rad, Hercules, CA) for desalting. The released oligosaccharides were eluted from the column with 3 volumes of 5% acetic acid and taken to dryness using a SpeedVac. Borate was removed by adding 10% acetic acid in methanol and drying under a nitrogen stream at 458C. The sample was then resuspended in 5% acetic acid and loaded onto a C18 cartridge column (JT Baker, Phillipsburg, NJ) that was previously washed with acetonitrile and pre-equilibrated with 5% acetic acid. Flow-through from the column was collected after loading; the column was washed with 3 ml of 5% acetic acid. The flow-through and washes were combined and evaporated to dryness.
Released oligosaccharides were permethylated to facilitate their analysis by MS as reported previously [45] . Sulfated permethylated glycans were fractionated on a Sep-Pak C18 [50] . For MS of sulfated glycans in negative ion mode, permethylated sulfated glycans were reconstituted in 50 ll of methanol/2-propanol/1-propanol/13 mM aqueous ammonium acetate (16:3:3:2 by volume) for infusion. For MS of permethylated sulfated and nonsulfated glycans in positive ion mode, permethylated glycans were dissolved in 50 ll of 1 mM NaOH in methanol/water (1:1) for infusion. Both preparations were analyzed by infusion into a linear ion trap mass spectrometer (LTQ; Thermo Fisher Scientific, Waltham, MA) using a nanoelectrospray source at a syringe flow rate of 0.40 ll/min and capillary temperature set to 2108C [45, 46, 48, 51] .
The total ion mapping (TIM) function of the Xcalibur software package was used to detect and quantify the prevalence of all detected glycan structures. Through the application of TIM, MS/MS spectra were acquired within overlapping collection windows that spanned 2.8 mass units. This method was used to scan the m/z range from 200 to 2000. Following characterization of glycan structures observed from the resulting TIM scan, the relative abundance of either individual glycans or groups of isobaric glycans was determined. The relative abundance of the observed glycan structures was calculated based upon the peak area from a single glycan structure relative to the total area of all observed glycan structures.
Localization of Glycan Binding to Sperm
Semen samples were washed through Percoll and incubated in capacitating conditions at 10-20 million cells/ml in dmTALP at 398C for 4 h. These conditions promote sperm capacitation, as assessed by increased tyrosine phosphorylation and the ability to undergo the acrosome reaction [52, 53] . As a control, sperm were incubated at 398C for 4 h in dmTALP in which sodium bicarbonate was replaced by an equimolar quantity of Hepes, and BSA was replaced by an equal mass concentration of polyvinylpyrrolidone (dmTALP-NC). This formulation does not allow capacitation [53] . Specific fluoresceinconjugated glycans on a polyacrylamide core were prepared, as previously described [54, 55] , and incubated with sperm at a final concentration of 50 lg/ ml for 30 min at 398C. Sperm were immobilized with 0.01% formaldehyde (final concentration), placed on a slide under a coverslip, and observed by fluorescence microscopy and Nomarski optics. In each experiment, at least 100 sperm were observed and counted in each group.
Assay of Sperm Binding to Oviduct Epithelial Cells
To test the effect of glycans, lectins, or antibodies on sperm-oviduct cell adhesion, an assay to detect sperm binding to oviduct cell aggregates was used. Spherical oviduct cell aggregates were selected and washed twice in 100-ll drops of fresh dmTALP. A Stripper Pipette (MidAtlantic Diagnostics, Inc., Mount Laurel, NJ) with a 250-lm internal diameter tip was used to collect oviduct epithelial cell aggregates and wash them. Depending upon the experiment, either the cell aggregates were pretreated with lectins and antibodies that bind sialylated lactosamine, or the sperm were pretreated with KADIRVEL ET AL.
sugars to block lectins. Cell aggregates were preincubated for 30 min at 398C in 45-49 ll of Simbucus nigra agglutinin lectin (SNA; Vector Laboratories, Burlingame, CA), Maackia amurensis lectin II (MAL II, Vector Laboratories), GL7 monoclonal antibody (BD Biosciences, Franklin Lakes, NJ), or IgM control (BD Biosciences), for a final concentration of 4-250 lg/ml (the graphed concentration) in dmTALP-NC. Sperm in dmTALP-NC were added to bring the total volume to 50 ll (final concentration of 0.5 3 10 6 cells/ml). In other experiments, sperm were preincubated with 8-200 lg/ml of different glycoconjugates in 47 ll dmTALP-NC for 30 min (the graphed concentration) at 398C. Oviduct cell aggregates were then added in 3 ll to preincubated sperm for a total volume of 50 ll. At least 10 aggregates were added to each droplet in triplicate droplets. Sperm and oviduct cell aggregates were coincubated at 398C for 15 min to allow sperm to bind to aggregates. After coincubation, free and loosely attached sperm were removed by washing with 30 ll of dmTALP-NC. Aggregates were transferred onto a microscope slide in a volume of 3 ll. Each droplet with 10 aggregate sperm complexes was considered an experimental unit for statistical analysis. Images were captured using a Zeiss Axioskop and AxioCam HRc digital camera (Carl Zeiss, Thornwood, NY). The number of sperm bound to the periphery of each aggregate was enumerated and the circumference of the aggregate calculated using AxioVision V 4.5 software (Carl Zeiss). The number of sperm bound per millimeter circumference was calculated for each aggregate. The average of more than 10 aggregates for each droplet was used for statistical analysis.
For statistical analysis of sperm-oviduct cell binding data, we used SAS software v. 9.1 (SAS Institute, Inc., Cary, NC) to run a one-way analysis of variance using GLM (General Linear Models) procedure in accordance with the general model:
where Y ij is the j th sample observation from population i; l is the overall mean; a is an effect due to population, i; and e is the random deviation of Y ij about the i th population mean). Results are presented as means 6 SEM. Differences were considered to be significant at P , 0.05 using the Tukey test for multiple comparisons.
Collection and Fixation of Oviducts for Localization of Sialylated Lactosamine
Oviducts were collected and sorted by reproductive stage at Momence Packing Company, Inc. (Momence, IL). The stages included were follicular (.10 antral follicles on both ovaries combined of 7-12 mm diameter and no corpora lutea .6 mm), luteal (.12 corpora lutea, which were .6 mm), and anestrous (no follicles .3 mm and no corpora lutea .5 mm), as previously described [56] . Oviducts were from four sows in the follicular phase, five sows in the luteal phase, and two sows in anestrous. After collection, the oviducts were transported, on ice, back to the laboratory and washed gently in PBS. Portions of the oviduct (1 cm) were excised and placed in a 1.5-ml microfuge tube. Six sections per oviduct were used, the upper, middle, and lower isthmus and the upper, middle, and lower ampulla. Each section was fixed overnight in 4% paraformaldehyde. Tissues were washed 33 in PBS for 5 min each. Oviducts were dehydrated for long-term storage with 10%, 20%, and 30% sucrose solutions (13 PBS) in subsequent overnight incubations.
Samples of these regions were placed into tissue embedding molds in a 1:1 mixture of 30% sucrose solution and OCT compound. Rapid freezing to avoid crystallization within the sample was accomplished by dipping the embedding molds with the sample and sucrose-OCT mixture into isopentane chilled with liquid nitrogen. After freezing, tissue blocks were kept on dry ice or stored at À808C.
Samples were cryosectioned and stained with 10 lg/ml fluorescein-labeled SNA (Vector Laboratories), which detects sialic acid attached to galactose in an a-2,6 linkage, but not sialic acid attached to galactose in an a-2,3 linkage [44, 57] . Slides were examined under fluorescence optics using a compound Zeiss microscope and AxioCam with AxioVision software. Observations were made at 1003, 4003, and 6303. Comparisons for each stage of the estrous cycle were made.
RESULTS
Analysis of Glycans that Bind Sperm Using the Glycan Array
Previous studies of carbohydrates proposed to form the mammalian oviduct sperm reservoir have investigated a very limited number of glycans. To conduct a much broader survey of glycans that might be involved in porcine sperm binding, we used a glycan array that was first developed to assess which glycans purified lectins would bind [43, 44] . Version 3.1 contained 377 glycans linked covalently to a glass slide. We used this as an affinity matrix for sperm. By floating the slide, glycan-side down, on a suspension of uncapacitated sperm, binding of only motile cells that could swim up in the medium and collide with glycans on the array was assessed. Prior to incubation with the array, sperm were labeled with the fluorochrome Syto-16 for detection of sperm bound to the array. After allowing 15 min for sperm binding, the slides were washed. Similar results were obtained whether moderate or less-stringent washing conditions were performed after sperm array incubation. Bound sperm were detected by fluorescence (Fig. 1) .
All the glycans to which sperm bound contained one of two glycan motifs, either a Lewis X trisaccharide (Le X ; Fig. 1 and shaded part of Fig. 2 ) or a branched structure with core mannose and antennae terminating in the sialylated lactosamine trisaccharide or, in some cases, terminating in simply lactosamine ( Fig. 1 and unshaded part of Fig. 2) . Four of the glycanspacer combinations that bound the most sperm differed only in the spacer used (Glycans 55, 56, 200, and 322) ; the glycan was Figure 1 are in bold. RFU is the average of four independent replicates. In several cases, the glycans were the same, but the spacer arm (Sp) used to link the glycan to the array was different. Sp13 ¼ Gly; Sp8 ¼ ÀCH 2 CH 2 CH 2 NH 2 ; Sp12 ¼ asparagine; Sp22 ¼ Asp-Ser-Thr; Sp0 ¼ ÀCH 2 CH 2 NH 2 ; (3OSO3) ¼ sulfate group added at the 3 carbon of galactose. (Glycans 321, 296, 350) . In all sialic acidcontaining structures that bound sperm, sialic acid was linked to the 6 position of galactose rather than the 3 position, demonstrating that a specific linkage was necessary to bind sperm. Furthermore, the branched structure on a mannose core was required. Single sialylated lactosamine trisaccharides (Neu5Aca2-6Galb1-4GlcNAc) did not bind sperm.
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The Le X motif was found in six glycans that bound sperm. Four sperm-binding glycans contained an Le X dimer or trimer. One sperm-binding glycan was simply the sulfated version of Le X monomer. Finally, one sperm-binding glycan was a dimer of two trisaccharides, Le X linked to Le A , the structurally related Lewis A trisaccharide (a positional isomer; the linkage of Gal and Fuc to GlcNAc is switched between these Lewis structures). Fucose substitution on Le X was necessary because sulfated or unsulfated Galb1-4GlcNAc (N-acetyllactosamine) did not bind sperm. In total, these results indicated that uncapacitated porcine sperm bind very specifically to glycans containing Le X or branched sialylated lactosamine motifs.
Profile of Oviduct Glycans
To confirm that the oviduct isthmus produces glycans with motifs that bind sperm and to identify the entire structures of the sperm-binding glycans, we collected epithelial sheets from the isthmus of postpubertal females, digested the proteins enzymatically, and analyzed the remaining glycan components of glycoproteins by spray MS/MS. N-glycans were released using peptide-N-glycosidase F. As expected, in preparations from cell lysates, there was an abundance of incompletely processed oligomannose glycan structures (Fig. 3, upper  panel) . Most of the complex-type oligosaccharides were biantennary and had a sialyl residue on at least one nonreducing terminus. Some biantennary glycans had sialyl residues on each terminus and, interestingly, some had a sialyl residue on one terminus and a Lewis structure on the second. Oviduct epithelial cells had numerous O-linked glycans, most of which were Core 2-derived oligosaccharides (Fig. 3, middle  panel) . Many O-linked glycans were branched, with at least one terminus containing a sialyl residue. Several had a sialylated lactosamine trisaccharide on the nonreducing terminus of one antenna. A series of sulfated O-linked glycans was detected in oviduct epithelial cells, but none of these were among those found to bind sperm ( Fig. 1 and Supplemental Fig. S1 ; all supplemental data are available online at www. biolreprod.org). One of the glycans from oviduct epithelial cells glycosphingolipids contained a terminal Lewis structure, but it was not abundant (Fig. 3 , lower panel and Supplemental  Fig. S2 ). Thus, both N-and O-linked glycans and glycolipids contained Lewis structures and/or biantennary glycans with terminal sialylated lactosamine, and most of the glycan motifs that bound the greatest number of sperm were found among glycans linked to glycoproteins.
6-Sialylated Lactosamine Is Abundant in the Oviduct Epithelium
The remainder of this study was focused on sialylated lactosamine. To localize sialylated lactosamine structures in the oviduct, tissue from the upper, middle, and lower ampulla and isthmus was fixed and stained with fluorescein-conjugated SNA, which binds to sialic acid attached to galactose in an a-2,6 linkage preferentially, and not sialic acid attached to galactose in an a-2,3 linkage [44, 57] . Abundant sialylated lactosamine was detected on the epithelium of all parts of the ampulla and isthmus, including ciliated and nonciliated cells (Fig. 4) . Similar results were obtained if the sections were stained with the GL7 monoclonal antibody that detects sialic acid attached to galactose in an a-2,3 linkage (data not shown) [58] . The sections shown were collected from animals that had more than 10 antral follicles in total on both ovaries, 7-12 mm diameter and no corpora lutea .6 mm, animals expected to be in proestrus or estrus [56] . However, similar staining was observed in oviducts collected from sows in diestrus or just prior to puberty (data not shown).
Biantennary Glycans with 6-Sialylated Lactosamine Bind to the Sperm Head
The portion of sperm that binds to the oviduct epithelium is the head [59] . If branched sialylated lactosamine motifs on the oviduct epithelium have an important role in binding sperm, we hypothesized that receptors for these motifs would be found on the sperm head. To test this, sperm were incubated with 6-sialylated lactosamine on a mannose biantennary core linked to a chain of polyacrylamide that was directly labeled with fluorescein [54, 55] . Labeled 6-sialylated lactosamine biantennary glycan bound to the anterior head of nearly 70% of the sperm and preferentially to the apical edge of the head overlying the acrosome (Fig. 5, A-C, J) . In some experiments, propidium iodide was also added to sperm to identify membrane-compromised sperm. Nearly all the sperm that bound branched sialylated lactosamine were able to exclude propidium iodide, and thus were viable (data not shown). As a control, the disaccharide lactosamine was linked to polyacrylamide and fluoresceinated. Less than 5% of sperm bound lactosamine, and the fluorescence intensity was very low (Fig.  5, G-J) . Thus, the receptors for 6-sialylated biantennary glycan were found on the sperm head.
Release of sperm from the oviduct has been proposed to occur after sperm are capacitated [9, 30] . To investigate this model, we tested whether capacitated sperm retained affinity for glycans. We incubated capacitated sperm with fluoresceinlabeled 6-sialylated lactosamine biantennary glycan. About 40% of sperm in these preparations bound branched sialylated lactosamine, much less than the number of uncapacitated sperm that bound branched sialylated lactosamine (Fig. 5, D-F and J) . Because capacitation does not occur synchronously, it is likely that not all sperm in the sample that was prepared under conditions that promote capacitation were actually capacitated. Controls using fluoresceinated lactosamine bound to less than 5% of sperm (Fig. 5J) . Therefore, during capacitation, most sperm lost their ability to initiate binding to branched glycans containing sialylated lactosamine.
Normal Sperm Binding to Oviduct Cells Requires Glycans with 6-Sialylated Lactosamine
Results in Figures 1 and 2 demonstrate that branched sialylated lactosamine from oviduct cells was sufficient to bind sperm. In the subsequent experiments, we examined whether branched sialylated lactosamine was necessary for oviduct cells to bind sperm. Epithelial sheets were stripped from the isthmus, the cells dissociated, and then allowed to reaggregate to form roughly spherical aggregates with diameters from 75 to 150 lm. First, isthmic epithelial cell aggregates were incubated with SNA to block sialylated lactosamine, and were then challenged with sperm. SNA reduced sperm binding in a dosedependent fashion up to 62% at a concentration of 250 lg/ml (Fig. 6B) . This inhibition was specific to SNA, because a PORCINE OVIDUCT 6-SIALYLATED GLYCANS BIND SPERM control using the MAL II, a monovalent lectin that binds structures containing sialic acid in an a2,3 linkage [57] , did not inhibit binding (Fig. 6B) . To confirm that sialylated lactosamine was required for binding, we used GL7, a monoclonal antibody that recognizes sialylated lactosamine, the a2,6-linked sialic acid on a lactosamine glycan chain [58] . GL7 was incubated with isthmic epithelial cell aggregates prior to incubation with sperm. GL7 reduced sperm binding to aggregates by up to 63% at a concentration of 100 lg/ml (Fig. 6C ). The conclusion from both experiments is that sialylated lactosamine is required for normal sperm binding to isthmic epithelial cells. In summation, these results indicate Those structures that contained sperm binding motifs are identified with a red line linking the peak to the structure. Structures of the most abundant glycans are displayed. As expected of cell lysates, there were many unprocessed high-mannose oligosaccharides. Most of the complex-type oligosaccharides were biantennary and had at least one terminus with a sialyl residue (N-acetylneuraminic acid). Some glycans had two sialic acid-containing termini, and some glycans contained a sialyl residue on one terminus and a Lewis structure on the second terminus. O-glycan structures are shown in the middle panel. Oviduct epithelial cells had numerous O-linked glycans, most of which were Core 2-derived oligosaccharides. Several structures (labeled by red lines) had sialyl residues attached to galactosyl residues on at one nonreducing terminus and were branched. Tandem MS analysis determined the majority of the structure at 895 m/z was the linear glycan. Glycosphingolipid structures are shown in the lower panel. The blue lines indicate gangliosides, red lines indicate glycans with a sulfate group or Lewis structure, and the green lines indicate neutral glycosphingolipids. A Lewis structure was detected on one glycosphingolipid.
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that normal binding of sperm to isthmic epithelial cells requires branched sialylated lactosamine with termini presented as Neu5Aca2-6Galb1-4GlcNAc.
To determine if the putative sialyl lactosamine receptors on sperm are required for sperm to bind isthmic epithelial cells, these receptors were occupied with branched sialylated lactosamine on an acrylamide core [54, 55] . Either 40 or 200 lg/ml of 6-sialylated lactosamine on a biantennary mannose core inhibited sperm-isthmic cell binding by up to 60% (Fig. 6D) . Branched lactosamine without any sialyl residues reduced sperm binding to oviduct cells, but required a higher concentration; a concentration of 200 lg/ml reduced spermisthmic cell binding by 43%. A control using simply the lactosamine disaccharide did not affect sperm-isthmic cell binding. Therefore, blocking either the oviduct glycan or its putative receptor(s) on sperm reduced sperm binding to isthmic epithelial cells by about 60%.
DISCUSSION
This article reports the first large-scale screen of the ability of glycans to bind mammalian cells. Using an array of 377 glycans, we found that all glycans that bound porcine sperm contained either of two glycan motifs, Le X structures or 6-sialylated lactosamine on one or more termini of a biantennary mannose core. Binding to either motif on a microarray slide was sufficient to tether a motile sperm against the force of gravity and washing, suggesting that the affinity of this interaction was relatively high. Either glycan could bind sperm independently of any other structures. The ability of fluoresceinated 6-sialylated biantennary glycans to bind the sperm head corroborated the results with the glycan array. In addition to these sufficiency experiments, 6-sialylated lactosamine on oviduct cells was also necessary for normal sperm binding. Blocking this glycan reduced sperm binding to oviduct cells by up to 60%. It is not clear if this maximum binding inhibition was because the remaining adhesion was accounted for by sperm binding to nonsialylated biantennary lactosamine structures, Le X , or other adhesive molecules or simply reflected a technical inability to block sialylated lactosamine completely.
Sperm binding to glycans was highly specific. Sperm bound abundantly to sialylated lactosamine termini in which sialic acid was linked to the 6 position of galactose, but no detectable binding was observed to sialic acid linked to the 3 position of galactose. Furthermore, although sperm bound to oligosaccharides with a Le X motif, no binding was observed to Lewis Aderived structures, a trisaccharide that is a positional isomer of Le X . Glycan multivalency was important in binding sperm. Sialylated lactosamine was present on two antennae of a biantennary glycan for maximum sperm binding; the sialylated lactosamine trisaccharide, by itself, did not bind sperm (Figs. 1  and 2 ). We tested neoglycoconjugates that had multiple copies of the glycans presented on the same molecule by linking them to a polyacrylamide core. The glycan inhibition experiments demonstrated that these multivalent glycans bound to sperm and inhibited sperm from binding to oviduct epithelial cells.
Previous reports have concluded that porcine sperm bind to oligomannose structures and oligosaccharides with nonreducing galactose [36] . Neither of these structures on the glycan array bound sperm. It may be that the affinity of these glycans for sperm is lower and inadequate to tether a motile sperm against gravity and the washing conditions.
The glycan profile of oviduct cells revealed that sialylated lactosamine was abundant in the N-linked and O-linked glycan fractions. Among the N-glycans, some had two termini with sialyl residues, and some had one sialyl residue while the second terminus contained galactose. Interestingly, two ''hybrid'' glycans were detected: one terminus had sialylated lactosamine and the second had a Lewis structure, with and without core fucosylation. Whether these hybrid glycans have greater affinity for sperm than either biantennary sialylated lactosamine or Le X glycans is an interesting question. Sialylated lactosamine was detected throughout the ampulla and isthmus. This suggests that the reason that more sperm bind to the isthmus than ampulla is that sperm, in their movement through the genital tract, encounter 6-sialylated biantennary glycans in the isthmus first and are retained in this region of the oviduct. In swine, prior to reaching the isthmus, sperm also bind in large numbers to the utero-tubal junction [7, 8, 11] . It is unclear if 6-sialylated glycans are also present in this region although other glycans, such as hyaluronan and sulfated glycosaminoglycans, are present in both the isthmus and utero-tubal junction [11] . We did not observe differences in the abundance of 6-sialylated lactosamine in oviducts collected from sows at different stages of the estrus cycle. This is consistent with observations in cows [16, 42] and mares [60] that the density of sperm binding sites in the oviduct does not change during the estrous cycle, even though oviduct fluid constituents are variable [61] .
The fertilizing sperm must be released from the storage site to move into the ampulla and fertilize the eggs. Recent evidence suggests that the development of hyperactivated motility may be sufficient to detach a sperm from the oviduct epithelium [62] . Furthermore, mouse sperm deficient in CatSper that cannot hyperactivate do not detach from the oviduct [63] . In addition to hyperactivation, a loss or binds structures containing sialic acid in an a2,6 linkage, or M. amurensis lectin II (MAL II), a lectin that binds structures containing sialic acid in an a2,3 linkage, or (C) a monoclonal antibody (GL7 mAb) to sialylated lactosamine or IgM, and allowed to bind sperm. In D, sperm were preincubated with varying concentrations of branched, 6-sialylated lactosamine glycans (Br SiLN), branched lactosamine glycans (Br LN), or simply the disaccharide lactosamine (LN), and then challenged with oviduct cell aggregates. Binding was expressed as the number of sperm bound per millimeter of aggregate circumference. Data are the least square means of at least three experiments. Asterisks indicate concentrations at which SNA, GL7, or glycans were different from controls that used medium only.
PORCINE OVIDUCT 6-SIALYLATED GLYCANS BIND SPERM modification in putative oviduct receptors on sperm during capacitation may also contribute to sperm release. Consistent with this hypothesis, our results indicate that a population of sperm incubated under capacitating conditions had reduced binding to 6-sialylated lactosamine. This suggests that, as sperm are capacitated, detachment may be partially mediated by a loss or modification of putative receptors for oviduct glycans. However, release may also be controlled by components from the oviduct, including the cumulus-oocyte complex, progesterone, or disulfide reducants [64, 65] , altered behavior of sperm-bound oviduct cells [66] , oviduct smooth muscle contractions [67] , or the effects of locally produced anandamide and nitric oxide on sperm [68, 69] . The dynamic nature of sperm interaction with the oviduct epithelium suggests that a variety of factors may regulate sperm release.
The effect of binding to specific oviduct glycans on sperm function is not clear. There is evidence that binding to oviduct cells affects sperm intracellular calcium, capacitation, and lifespan [17, 18, 70, 71] . Learning how binding to the oviduct epithelium affects sperm behavior may lead to methods for lengthening sperm lifespan in the oviduct or improving sperm storage outside the oviduct. A recent report concluded that an oviduct heat shock protein, when added to semen extender, improved the survival of ram sperm [72, 73] . However, how any putative ligand-receptor pair influences sperm behavior has yet to be established.
These results are the first report of mammalian cells binding to a glycan array. Sperm were useful test cells, because they survive well in suspension and their motility provides greater probability of colliding with glycans on the array. However, it is possible that the ability of other cells to bind many glycans could also be investigated by use of a glycan array. This approach may provide insight in to how a variety of cells can interact with glycans in a dynamic extracellular matrix.
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